Abstract: A set of 250 distinct, stable, and uniform backcross-derived inbred lines were developed in sunflower through 5 interspecific cross combinations involving 4 wild diploid annual species (Helianthus argophyllus, H. petiolaris, H. annuus, and H. debilis). The presence of the wild-species genome in these inbred lines was confirmed through higher chromosome associations (tri-and quadrivalents) at diakinesis. Maximum structural rearrangements of chromosomes were observed in lines derived from H. petiolaris. Forty morphologically diverse inbred lines along with 2 controls were subjected to measurements of phenotypic and genetic distance using 118 simple sequence repeat (SSR) markers of known map location. A total of 204 alleles were identified and the number of alleles per locus varied between 2 and 5. There were 46 unique alleles and the number of unique alleles was highest in the lines derived from the cross involving H. petiolaris. The polymorphism information content (PIC) values ranged from 0.05 to 0.575. The pair-wise comparison values based on genetic dissimilarity estimates computed using molecular marker data varied between 0.143 and 0.486 among the 42 lines. The results indicate that the sunflower gene pool could benefit from introgression of novel alleles from the latent genetic diversity present in the wild species and particularly through exploitation of the diploid annual H. petiolaris.
Introduction
Worldwide, sunflower (Helianthus annuus L.) is fourth in importance as an oilseed after soybean, groundnut, rapeseed, and mustard and is grown on 23.4 million ha with a total annual production of 31.1 million tons and an average yield of 1.32 t ha -1 (FAO 2005) . It is native to North America and has spread across the globe owing to its wide adaptability and short growing season. The commercial sunflower has a narrow genetic base and as a consequence only a few introductions constitute the base material for the development of new cultivars or hybrids. For example, only 10 to 12 introductions were used in India to develop new cultivars or hybrids .
Interspecific hybridization has played a pivotal role in the genetic improvement of sunflower (Korell et al. 1996) . In-terest in interspecific hybridization in sunflower is mainly for transfer of characters such as disease and insect resistance, salt tolerance, drought tolerance, fatty acid composition, protein quality, cytoplasmic male sterility, and fertility restoration. Use of related wild sunflower germplasm has allowed breeders to obtain resistance to numerous diseases, develop several cytoplasmic sources, and increase seed and oil yields (Korell et al. 1996) . Forty-nine wild Helianthus species are available, which fall into 2 growth habit groups (annual and perennial) and 3 ploidy groups (diploid, tetraploid, and hexaploid). Among these, the diploid annuals constitute the primary gene pool and are mostly crosscompatible with cultivated sunflower.
The need to broaden the genetic base of cultivar germplasm, break the yield stagnation, develop material for diverse situations, and introgress specific characters from wild Helianthus species raised the interest in a pre-breeding programme in India. The backcross-derived inbred lines exhibited wide variability in terms of several distinct phenotypic characters not present in the parental species used. For example, the following lines were identified and stabilized: appressed plant types with an acute leaf angle giving a cauliflower type of appearance to the plant, lines with high leaf area index, early-maturing tall and dwarf types, latematuring tall and dwarf types, and lines with dense and sparse arrangement of leaves, small to very large leaves, small to large heads, short and long internodes, pigmented stems, and pale green to dark green leaves with variations in lamina structure. The stable pre-breeding materials developed using diploid annuals are serving as a source of maintainers or restorers for different cytoplasms and a source of resistance to rust and downy mildew, and represent material of interest for utilization in the sunflower breeding programme (Sujatha and Prabakaran 2004; Sujatha 2006) . Pre-breeding material is generally selected and incorporated into breeding programmes based on morphological variation. While the value of morphological traits for evaluation varies according to the intended use of the material, knowledge of the level of genetic diversity in the pre-breeding material is important for selection of parental materials that can maximize the gain from selection.
In sunflower, several marker systems have been employed for assessment of genetic diversity in cultivated germplasm and wild sunflowers. Allozyme and RAPD polymorphisms were insufficient for distinguishing between closely or distantly related germplasm accessions in sunflower (Rieseberg and Seiler 1990; Rieseberg et al. 1993; Arias and Rieseberg 1995) . Genetic diversity in wild and cultivated sunflower has been assessed using molecular markers such as RFLPs (Berry et al. 1994; Gentzbittel et al. 1994) , AFLPs (Peerbolte and Peleman 1996; Gedil et al. 2001) , and microsatellites (Dehmer and Friedt 1998; Yu et al. 2002; Burke et al. 2002; Tang et al. 2002 . Berry et al. (1994 ), Gentzbittel et al. (1994 , Rieseberg et al. (1993) , and Arias and Rieseberg (1995) assessed allelic diversity in elite inbred lines using RFLPs and RAPDs, and DNA marker polymorphism rates ranged from 10% to 36% per cross. Sunflower-specific simple sequence repeats (SSRs) are informative, highly reproducible, and demonstrate a high degree of allelic variation , Burke et al. 2002 Tang et al. 2002 . The abundance, codominant nature, high level of polymorphism, ready transferability, and ease of genotyping of SSRs make them an excellent molecular system for genetic diversity analysis. A total of 2968 SSR markers, including 1707 mapped markers, are available for molecular breeding and genomics research in sunflower.
The aim of the present study was to characterize advanced-generation lines derived from interspecific hybrids for cytomorphological relationships at diakinesis and to assess the genetic diversity to identify divergent lines for use in sunflower breeding programmes.
Materials and methods

Plant material
The plant material for this study was derived from interspecific hybrids between cultivated and wild diploid annual sunflowers, viz., H. annuus (wild), H. argophyllus, H. petiolaris, and H. debilis. Tri-species hybrids involving H. argophyllus and H. annuus with a sunflower cultivar (H. annuus 'Morden') were aimed at combining desirable traits such as rust and downy mildew resistance from the two diploid wild species with improved oil quality, yield, and other traits of agronomic value from cultivated sunflower. Branching and purple disc are undesirable traits in commercial sunflower and hence selection was done against these traits in each generation after a limited number of backcrosses with the cultivar as the recurrent pollen parent. A large number of lines with distinct phenotypes and other desirable traits have been selected, and the stabilized lines in the advanced generation are maintained through sib-mating.
Phenotypic evaluation
Forty backcross-derived inbred lines were selected from 250 lines based on initial diversity analysis of quantitative characters evaluated for 2 years. The 250 lines were initially subjected to cluster analysis based on Euclidian distance and the 40 most divergent lines were selected, representing 15% diversity from each cluster. Euclidian distance is the shortest geometric distance between two points in multidimensional space and is computed as
The pedigree and morphological characteristics of the inbred lines are presented in Table 1 . The 40 advanced lines and the 2 controls (Morden and CO-4) were grown in a 6 Â 7 rectangular lattice with 3 replications. Morden is an earlyflowering dwarf variety, while CO-4 is a medium-duration tall variety. A plot size of 4 rows of 4.2 m was adopted, with 0.60 m between rows and 0.30 m between plants within a row. Observations of 9 quantitative traits (days to flowering, days to 100% flowering, leaf chlorophyll (measured using a SPAD meter), plant height (cm), head diameter (cm), seed yield (g/plant), 100 seed mass (g), stem mass (g), and oil content (%)) and 14 qualitative traits (head angle at maturity; head size and shape; stem pigmentation and thickness; leaf size, shape, margin, base, and colour; petiole type and leaf habit of petiole; ray floret colour and shape) were recorded following IPGRI (1985) 
Cytology
For cytological analysis, 24 prebred lines comprising 4 or 5 lines from each of the cross combinations were used. Young flower buds of appropriate size were fixed in Carnoy's II solution (6:3:1 absolute ethanol : chloroform : glacial acetic acid) for 24 h and stored in 70% alcohol at 4 8C. Pollen mother cell (PMC) smears were prepared using 1% acetocarmine, and chromosomal associations of at least 100 PMCs were recorded after destaining the slides with 45% acetic acid. For study of pollen fertility, pollen was stained in a 1:1 mixture of 1% acetocarmine and glycerol. The fully stained and round pollen grains were scored as fertile, while shriveled and unstained grains were recorded as sterile.
DNA extraction and SSR analysis
For each line, leaves were harvested from 20 field-grown 6-week-old plants and bulked for DNA isolation. DNA was extracted following the CTAB method (Webb and Knapp 1990 ) and quantified on 0.8% agarose using a known concentration of DNA as standard.
Using information on marker distribution on a genetic linkage map, 98 SSR primers of the ORS series (Knapp 2004 ) and 20 SSRs from Paniego et al. (2002) were selected. Polymerase chain reaction (PCR) was performed according to Yu et al. (2002) . The codes for the ORS series were the original codes, while the SSRs of Paniego et al. (2002) were designated SF1 to SF20. The reaction mix (20 mL) contained 20 ng of DNA template, 5.5 pmol of each primer, 2.5 mmol/L MgCl 2 , 125 mmol/L each dNTP, 1Â PCR buffer, and 0.8 U of Taq DNA polymerase (Genei, Bangalore, India). The PCR amplification profile included an initial denaturation step at 94 8C for 2 min, followed by 45 cycles of denaturation at 94 8C for 30 s, annealing for 30 s, and extension at 72 8C for 1 min, with a final extension at 72 8C for 5 min in a GeneAmp PCR System 9700 thermocycler (Perkin Elmer -Applied Biosystems). Annealing temperature varied between 51 and 60 8C for the primers used. The PCR-amplified products were run on 3.5% agarose (Genei, Bangalore, India) in 1Â Tris-acetate EDTA buffer with ethidium bromide (50 ng/mL) for 2 h at 70 V for detection of allelic variations. A 50/100 bp ladder was used for measuring the allele size and an accurate size was determined using Quantity One software (Bio-Rad).
Data analysis
Presence or absence of a fragment was coded in a binary data matrix as 1 or 0, respectively. In the case of primers revealing more than one allele, PCR amplifications were repeated. A band was considered unique if it was present in one line but absent in the remaining genotypes. Pair-wise genetic similarities (S ij ) between accessions i and j were estimated using the similarity coefficient of Nei and Li (1979) ,
where N ij is the number of bands in common between any two accessions and S ij may range from 0 (no common bands) to 1 (identical band profiles for the two accessions). S ij values were used to estimate genetic dissimilarity (D ij = 1 -S ij ), and the D ij values were used to determine the relationships among accessions using principal coordinate analysis (PCoA) (Sneath and Sokal 1973) . The polymorphism information content (PIC) was calculated according to Botstein et al. (1980) :
where k is the number of alleles for a given marker and p i and p j are the allelic frequencies. The Mantel test of significance was used to determine the goodness of fit for the correlation between phenotypic traits and molecular data. All computations were performed using the statistical computing package GenStat release 6.1 (Payne 2002 ) and NTSYS pc version 2.20 (Applied Biostatistics Inc., Setauket, New York). For association mapping, multidimensional scaling was carried out in NTSYS pc for the 42 inbred lines based on morphological data, and stepwise regression analysis was carried out in GenStat using the phenotypic data.
Results
Cytomorphological diversity
We were interested to know the influence of leftover wild genome in the stabilized lines on meiotic chromosome pairing and pollen fertility. Diakinesis is the ideal stage for the study of chromosome associations. Irrespective of the cross combination, the backcross-derived inbred lines showed normal meiosis in 50%-70% of the PMCs and formation of 17 bivalents (Table 2) . Among the several bivalent shapes, ring, rod, and open-ring bivalents occurred more frequently than other configurations such as '8', 'V', loose chain, or bracket (Fig. 1) . The inbred lines frequently showed the presence of quadrivalents in addition to normal bivalents. Quadrivalents were observed in all the lines at frequencies ranging from 1 to 3 (Table 2 ; Fig. 1 ). Among the 24 prebred lines, several showed two quadrivalents during diakinesis. In contrast, a third quadrivalent was reported in PS 2023 and PS 5014. The lines PS 2010 , PS 2023 , PS 2002 , and PS 5021 occasionally showed trivalents during meiosis. In this study, the frequency of univalents ranged from 0 to 6, with lines PS 1043 and PS 2010 showing up to 6 univalents during diakinesis. Many lines showed pollen fertility comparable with that of cultivated sunflower, while a few lines, such as PS 1069, showed low pollen fertility (80.2%).
Molecular characterization
Of the 118 SSR primers tested, 100 produced 204 amplicons of the expected size, of which 199 (97.5%) were polymorphic. The primers ORS333, ORS334, ORS378, and ORS396 failed to produce amplification products; ORS163, ORS237, ORS244, ORS328, ORS447, and SF15 produced multiple bands that were difficult to interpret; ORS200, ORS240, ORS257, and ORS426 failed to produce amplicons of reference allele size; and ORS235, ORS258, ORS295, and ORS384 produced monomorphic bands. The number of alleles per locus ranged from 2 to 5 (Fig. 2) . The PIC for polymorphic SSRs ranged from 0.05 to 0.575, with an average of 0.31 (Table 3) . ORS169, SF11, and SF14 generated a maximum of 5 alleles. The polymorphic microsatellites produced an average of 2.04 alleles/locus.
Unique alleles
Of the 118 tested pairs of primers, 27 produced 46 unique alleles in 18 inbred lines (Table 4) . Each of these 27 markers could distinguish 1 to 3 alleles. The marker ORS256 could distinguish 4 genotypes, detecting unique alleles in 2 inbred lines derived from the cross involving H. petiolaris (PS 2047a and PS 2048) and 2 lines derived from the trispecific cross (PS 4022 and PS 4066) .
Preliminary data on the utility of SSRs for trait association analysis (Table 5 ) revealed positive and significant association of microsatellites with traits such as days to flowering and head diameter. The microsatellite marker SF2 153 was found to be significantly and positively correlated with days to flowering.
The genetic dissimilarity (D ij ) among the 42 lines ranged from 0.143 to 0.486, with an average of 0.311 (Table 6 ). The maximum genetic distance based on molecular characterization was found between PS 2020 and PS 1053 and between PS 4066 and PS 2048, while the genetic distance between the two commercial genotypes (CO-4 and Morden) Cluster analysis and principal coordinate analysis did not reveal distinct groupings. The clustering pattern based on molecular marker-based genetic distances was not significantly correlated with that based on morphological characters. A dendrogram based on the data pooled from the phenotypic and molecular analyses separated the lines into 4 clusters, and lines PS 4083 and PS 4093 (high LAI and tall, tree-like appearance) formed a distinct cluster (Fig. 3) . Line PS 3009 has a cauliflower type of appearance, PS 4061 has a pale green betel vine type of leaves, and PS 4083 and PS 4093 have a small tree-like appearance with thick stems and densely arranged large dark green leaves. The correlation between the phenotypic traits and molecular data based on the Mantel statistic was not significant (r = 0.08860).
Discussion
The genomes of the diploid annual wild sunflowers constituting the primary gene pool are considered not similar but closely related to that of cultivated sunflower (Chandler et al. 1986 ). Higher chromosome associations such as trivalents and quadrivalents during meiosis have been reported in F 1 interspecific hybrids involving cultivated and wild diploid species of Helianthus (Whelan 1979; Whelan and Dorrell 1980; Chandler et al. 1986; Narkhede et al. 1986 ). This led to the conclusion that the genomes of these species in the primary gene pool differ from each other by a limited number of reciprocal translocations.
Georgieva-Todorova (1984) considered autosyndesis of chromosomes to be the cause of ring bivalents and heteromorphic nature (formed by conjugation between homoeologous chromosomes) to be the cause of more frequent rod bivalents. Exchange of unequal chromatin segments between nonhomologous chromosomes (translocation of chromosomes) may be a reason for the formation of quadrivalents (Chandler et al. 1986; Narkhede et al. 1986) . A possible explanation for the differences between the present study and previous reports on interspecific hybrids of wild diploid species may be intraspecifc structural polymorphism. It is of interest that hybrids for which discrepancies exist involved either H. petiolaris or H. debilis as parent. Occasionally, secondary or nonhomologous association of chromosomes can give spurious results in the study of translocation heterozygosity in interspecific hybrids (Chandler et al. 1986 ). The presence of quadrivalents at the diakinesis stage in interspecific hybrids is well documented (Chandler et al. 1986 ). Narkhede et al. (1986) reported a single quadrivalent in the interspecific hybrid between sunflower and H. argo- phyllus and 2 quadrivalents in the interspecific hybrid between H. annuus and H. debilis and suggested that the genomes differed by 1 and 2 reciprocal translocations, respectively. It is expected that interspecific hybrids will possess a genome contributed equally by the 2 parents in order to show multivalent configurations. But in recombinant inbred lines, after 2-3 backcrosses a significant portion of the wild genome is replaced by the cultivar genome; therefore, the chance of multivalent formation is reduced. However, the prebred lines, which are stabilized interspecific derivatives, also showed quadrivalents. Hence, it may be concluded that recombinant inbred lines developed through interspecific hybridization possess a very large spectrum of variability due to a high degree of recombination between nonhomologous chromosomes of the parental genomes, as revealed by the presence of 1-3 translocations. The formation of trivalents may be attributed to loose or improper pairing of quadrivalents, which could lead to the dissociation of quadrivalents into one trivalent and a univalent (Narkhede et al. 1986 ). Chandler et al. (1986) considered secondary associations to be the cause of formation of univalents. Secondary associations occur when homologous pairing is incomplete in individuals such as haploids and interspecific hybrids. Since Helianthus is considered to have an ancient tetraploid origin, secondary associations may also be the source of univalent formation.
Reduced pollen fertility (80.2%) in PS 1069 can be correlated with the high frequency of chromosome bridges and laggards that was observed in anaphase I. Reduced pollen fertility in interspecific hybrids has been reported (Georgieva-Todorova 1984; Narkhede et al. 1986; Espinasse et al. 1995) . Since an interspecific hybrid has genomes from both parents, the presence of a wild genome in the hybrid is enough to cause meiotic irregularities that lead to reduced pollen fertility. However, continued backcrosses with cultivated sunflower eventually eliminate wild characters, and stabilization of meiosis should have occurred more rapidly, as reported in H. maximiliani Â H. annuus interspecific hybrids by Whelan and Dorrell (1980) .
The number of alleles detected will depend on the diversity of the germplasm sampled and also on the informativeness of the marker or primer set. The PIC scores in this study were not significantly different from those reported earlier (0.17-0.49, Gedil 1999; 0.31-0.55, Yu et al. 2002) . In the study of Paniego et al. (2002) , the polymorphic microsatellites produced an average of 3.5 alleles/locus and an average PIC of 0.55. This variation in PIC could be due to the limited number of microsatellites (100) used in our study, in contrast to the study of Paniego et al. (2002) , in which 271 microsatellites were used. Furthermore, we checked the allelic variation on agarose gels with ethidium bromide staining, unlike the study of Paniego et al. (2002) , where denaturing polyacrylamide gels with silver staining were used. Most studies of SSRs in sunflower have employed automated multiplex PCR using a multicolor assay based on fluorophores that reveal polymorphism more discretely (Burke et al. 2002; Tang et al. 2002; Yu et al. 2002) .
Six primers produced multiple bands. Paniego et al. (2002) made a similar observation and attributed such complex patterns to the heterogeneity or heterozygosity of the inbred lines or the presence of 2 (or more) duplicated microsatellite loci. However, only 6 of the 118 microsatellites (5.1%) tested in this study gave evidence of heterozygosity and (or) heterogeneity, suggesting a sufficient degree of inbreeding in the inbred lines analyzed in this study.
The present study reveals that microsatellites are useful not only in discriminating lines derived from the same pedigree but also in identification of unique alleles in backcross- derived inbred lines. Paniego et al. (2002) demonstrated the potential of SSR markers in identification of inbred lines of sunflower and assessment of their distinctness and genetic diversity. The presence of unique alleles is an indication of a high rate of genetic rearrangement. Unique alleles are significant because they can be diagnostic of a particular inbred line or regions of the genome specific to a particular type of genotype (Senior et al. 1998 ). The primer ORS256 could distinguish 4 genotypes in this study. This marker was highly polymorphic and had 15 alleles with a PIC score of 0.93 . The occurrence of the maximum number of unique alleles in the cross combination involving H. petiolaris indicates the potential of this species to serve as a reservoir of novel alleles for sunflower improvement. Cytological investigations carried out in the present study revealed a high degree of structural polymorphism, with a higher number of multivalents in interspecific hybrids involving H. petiolaris or H. debilis as parent. Helianthus petiolaris has been widely exploited as a source of sterile cytoplasm on which entire sunflower hybrid breeding programmes are based, and this study reveals the usefulness of this species in widening the genetic base of cultivated sunflower. The allelic diversity in the lines derived from the trispecific cross was low compared with that in lines derived from H. petiolaris. Although lines derived from crosses involving H. debilis showed a high degree of chromosomal rearrangements, not much information could be drawn from molecular characterization, as it involved only one line. Allelic diversity in Native American land races and wild populations of cultivated sunflower showed that wild populations are a wellspring of genetic diversity . Allelic diversity based on allozyme analysis revealed a higher number of unique alleles in wild populations than in domesticated sunflower (Rieseberg and Seiler 1990) . found a gradual but dramatic (33-fold) narrowing of allelic diversity from taxon-specific alleles of the wild population to the elite inbred lines. In this study, null alleles were detected. RFLP and SSR markers are rarely dominant in crop plants (Akkaya et al. 1992; Liu et al. 1996) . However, several studies have proved that sunflower is an exception to this observation; these studies reported that 9% to 30% of the SSRs and RFLPs produced null alleles among elite inbred lines Berry et al. 1994; Gentzbittel et al. 1994; Jan et al. 1998) .
Cluster analysis and principal coordinate analysis were used for visualization of estimates of genetic distance. Cluster analysis of these lines revealed a lack of structure, and there were small clusters with no clear grouping. Presumably this could be due to differences in the pedigree of the lines and the selection of parents with contrasting and common traits, such as dwarf with early and late maturity, tall with both maturity groups, and so on. Most other genetic analyses have been based on market classes, fertility/restorer lines, and geographical entities .
The presence of a high degree of chromosomal rearrangements, the high frequency of unique alleles, and the maximum genetic distance revealed by these lines are indicative of the usefulness of H. petiolaris in introgressive breeding. The diverse genotypes of Argentine origin are also a result (Paniego et al. 2002) . The earlier genetic maps were constructed using F 2 progeny from a cross between oilseed sterility maintainer lines, RILs from crosses within proprietory oilseed fertility restorer lines, and RILs from crosses between public confectionery and oilseed fertility restorer lines (Gedil 1999; Tang et al. 2002) . The SSR markers placed on these three elite Â elite cross maps represent the subset with the greatest utility for molecular breeding in the highly selected and domesticated gene pools on which the commercial hybrid breeding programmes are based. The materials used in the above-mentioned studies represent only part of the overall variability. The studies of and Burke et al. (2002) emphasize the need for use of progeny from elite Â wild crosses to increase the density of the molecular genetic linkage map of sunflower, because allelic variability declines 33-fold from wild to domesticated cultivars. In the present study we have identified several unique alleles in genotyping 42 lines with 118 SSR primers on agarose gels. There is a distinct possibility of identifying several unique alleles in the 250 lines developed if they are genotyped using a larger number of mapped SSR markers on semi-automated or automated systems to facilitate increasing the density of the genetic map.
For quantitative characters such as yield, heterotic response is expected to increase with parental genetic distance (Melchinger 1999) . Use of backcross-derived lines facilitates the detection of linkages. Cytomorphological studies coupled with molecular characterization using mapped SSR markers can help to define the genetic architecture of the germplasm and to identify alleles associated with key phenotypic traits. This study shows that the molecular variation is high and the backcross-derived inbred lines with the same phenotype show high allelic diversity. The inbred lines in the present study were derived from interspecific crosses of diploid annual species. The lines were defined with chromosomal associations at diakinesis and microsatellite markers. This molecular diversity analysis will assist sunflower breeders in inbred line development and facilitate identification of well-defined heterotic groups. Further, all the stabilized inbred lines will be characterized using FISH techniques to demonstrate the extent of introgression in terms of the number and size of the introgressed fragments, according to Feng et al. (2005) . The lines will also be subjected to molecular classification for identification of new sources of alleles for broadening the genetic base of sunflower.
References
Akkaya, M.S., Bhagwat, A.A., and Cregan, P.B. 1992. Length   Fig. 3 . Dendrogram of 40 backcross-derived inbred lines of sunflower along with 2 commercial cultivars (CO-4 and Morden) based on pooled genetic distance as measured by phenotypic variation in two seasons and allelic variation determined using SSR markers. 
